INTRODUCTION
Triflumizole, (E)-4-chloro-cx, a, cx-trifluoro-N-(1-imidazol-l -yl-2 -propoxyethylidene) -o -toluidine (I) (Trif mine), is a new systemic fungicide for control of a wide range of diseases in many economically important crops. "2' Its antifungal properties3'4' are similar to those of fungicides known as ergosterol biosynthesis inhibitors. 5 (QSAR) to clarify the substituent effects of triflumizole analogs using physicochemical and structural parameters, finding that the fungicidal activity against cucumber powdery mildew is governed by steric, electronic and hydrophobic effects of substituents on the benzene ring, and steric, hydrophobic and hydrogen-bonding effects of side chain substituents at the imino carbon. Inhibition of ergosterol biosynthesis by triflumizole and related azole fungicides is considered to emerge through inhibition of the cytochrome P-450 that catalyzes the 14cz-demethylation of 24-methylene-24, 25-dihydrolanosterol, the ergosterol precursor. s' 7' We examined the crystal structure of Pseudomonas cytochrome P-450, 8' a camphor oxidizing enzyme, as a model of the target enzyme of azole fungicides, since the structure of lanosterol demethylase has not been elucidated yet.
We employed a technique of computer graphics and conformational analysis to study the mode of interaction of a model enzyme with triflumizole. The study suggested that an energy-minimum structure of triflumizole easily fits into the active pocket of cytochrome P-450. This paper presents a model for the active structure of triflumizole at a target site based on the molecular modeling studies and the QSAR analyses of triflumizole and its related compounds.
MATERIALS AND METHODS
Chemicals
The fungicidal imidazoles used for QSAR analyses are listed in Tables 1 and 2 .
They were mostly prepared by reaction of imidazole with appropriate N-phenylimidoyl chlorides which had been obtained by chlorination of corresponding amides ( Fig. 1(a) ). Some compounds were prepared by reaction of N, N'-thionyldiimidazole with appropriate thioamides (Fig. 1(b) ). Details of the synthetic methods have been described in the patents of this series of compounds. 9-11) Structures of the compounds were confirmed by 1H-NMR and I R spectra. Their melting points and refractive indices are listed in Tables 1 and 2. 
Fungicidal Activity and Phytotoxicity
Cucumber seedlings (cv. Satsukimidori) were grown in unglazed pots filled with soil (dry weight : ca. 130 g per pot) containing some fertilizers. Each test chemical was dissolved with a small amount of acetone and diluted with water containing 0. 02% spreader (Rabiden SS: Mixture of 20% polyoxyethylene alkyl ester and 8% polyoxyethylene alkyl phenyl ether) to obtain desired concentrations. Solutions containing various amounts of a test compound (5 ml per plant) were sprayed on the test plants of 1. 5-leaf stage. One day after spraying, the cucumber seedlings were inoculated with the spore suspension (105/ml) of Sphaerotheca fuliginea and kept in a greenhouse at 20-24°C.
The efficacy of each test compound was estimated 11 days after inoculation. Inhibition against emergence of powdery mildew on the cucumber leaves was graded by using the following indices; 0 (no colony), 1 (1-5 colonies), 2 (6-10 colonies), 3 (infested leaf area is less than or equal to 30%), 4 (31-40% infested), 5 (41-50% infested), 6 (51-60% infested), 7 (61-70% infested), 8 (71-80% infested), 9 (81-90% infested), 10 (91-100% infested). The inhibitory effect of fungicides was expressed by the percentage of control EC9o values which represent a molar concentration required to inhibit infection by 90% of the control were determined graphically from the plot of the percentage control value against the concentration. At the same time, plant-growth-regulating activity (PGR) was also assessed in the treated cucumber plant. The activity was classified into -(ordinary growth) to + + + (severe growth retardation).
Quantitative Structure-Activity Relationships
Structure-activity relationships of fungicidal imidazoles (II) were quantitatively studied by regression analysis using physicochemical and structural parameters. The fungicidal activity For ortho substituents, the values of U0para were used for the estimation of ir(DMA). The ESrtn represents the Taft-Kutter-Hansch steric substituent constant16, 17) of ortho substituen. t X. The hydrophobicity of the substituent on imino carbon was estimated from the iT value of substituents in a mono-substituted benzene system, since the imino carbon is involved in a conjugated system similar to an aromatic ring.
The it values of the benzene system which are not listed in the literature were estimated by the additivity principle of Hansch & Leo. l$' The estimation method is essentially the same as used in our previous studies, l9, 20)
Hammett's o. 21) was selected to quantify the electronic effect of substituents on the benzene ring. For the steric properties of X, Y and Z, we examined various combinations of the STERIMOL parameters defined by Verloop et al., 22, 23) and the modified indices developed by Iwamura et al. [24] [25] [26] and Mitsutake et a1. 27) The indicator variables which take a value of 1. 0 or zero depending on the presence or absence of certain structural features in the Z moiety were considered for those such as abranching, fl-oxygen and cx, /3-unsaturation.
The level of significance of each parameter term was judged by the Student's t-test and that of regression equations by the F-test.
Conformational Analysis and Molecular
Modeling According to X-ray analysis, the geometry of C=N double bond is in E-configuration, and the conformation of a propoxymethyl group is fully extended in triflumizole. The imidazole ring is nearly in coplanar with the imino group, whereas the benzene ring is twisted ca. 100 to the imino group. Compound III ( Fig.  2 ), a simplified model compound for trifiumizole, was constructed from the crystal structure of trifiumizole and was subjected to conformational analysis by means of semi-empirical molecular orbital calculations. The imidazole ring, the methoxymethyl group and the benzene ring of III were rotated around the bonds to the imino group in steps of 30, and the total energy of the molecule was calculated for each conformation by using the AMPAC program28' with AM! parameterization. 29) As a model of the target enzyme of trifiumizole and its related fungicides, the crystal structure of Pseudomonas cytochrome P-450-camphor complex was taken from the litera- In the above and subsequent equations, n represents the number of compounds analyzed, s the standard deviation, r the multiple correlation coefficient and F the F value of the correlation. The figures in the parentheses are 95% confidence intervals. In Eq. (2), B5 is the STERIMOL width parameter which represents the maximum width of ortho substituent. Addition of Hammett's or and/or it to Eq. (2) was also examined in regression analysis but was not significant at a level of 95% by the Student's t-test. The analysis of a larger compound set, including ortho-, para-, and 2, 4-di-substituted compounds (1-24), however, indicated that it and o-terms were significant as shown in Eq. The 7T values for substituted benzene and aniline series were also examined, but were less significant than the 2r(DMA). The level of significance of the parameters appearing in Eqs. (2) and (3) is above 95%. Table 1 shows the values of parameters, fungicidal and PGR activities, and the pEC9o values calculated by Eq. (3). The degree of correlation of the independent variables used in Eq. (3) is shown in Table 3 .
QSAR for Compounds Having Various
Imino Substituents, Z Preliminary examinations suggested that the steric dimensions as well as the hydrophobicity Table 3 Squared correlation matrix for variables used in Eq. (3). L is the length of a substituent along the bond axis that connects them to the rest of the molecule.
Wr is the maximum width measured from the bond axis (L) in the direction in which the longest chain of the substituents extends in the fully extended conformation, and Wt is the width in the opposite direction. In this equation, L is the STERIMOL length parameter of Z. Ti is a parameter which represents the thickness of substituent defined by Mitsutake et a1. 27' The definition of L and Ti is schematically shown in Fig. 3 . I C F3, Ibr, 1= and 1o, are indicator variables. The IC F3 takes 1. 0 when the benzene-ring substituents are 4-C1-2-CF3 and zero for 2, 4-C12. The Ibr takes care of a-branched alkyl and a-branched a-alkoxyalkyl structures such as -CH(R)R' and -CH(R)OR' where R is alkyl and R' is alkyl or aryl. The L is for compounds where Z is vinyl and aryl. The 1o is for fl-oxy structure such as -CH(R)OR' and -CH2OR'.
The level of significance of the Ti term in Eq. (4) is only at a level of 90-95%, and that of other parameters is above 99%. An addition of Tie term did not afford any improvement, whereas an addition of L2 term was significant, leading to Eq. (5 In Eq. (5), the level of significance of L2 is above 95% whereas that of L is above 90%. The Ti term is now significant over 95%. The internal correlations of independent variables used in Eqs. (4) and (5) are shown in Table 4 . Table 2 shows the values of param- Table 4 Squared correlation matrix for variables used in Eqs. (4) and (5). 
Conformational Analysis and Molecular
Modeling of Active Site The total energy of molecule III as a function of tortional angles (01-03) (Fig. 2) was computed and is plotted in Fig. 4 . For the rotation of the imidazole ring in III around the C(8)-N(9) bond, two energy minima were observed at about 0 and 180 in terms of tortional angle 01 where the imidazole ring is in coplanar with the imino group. The methoxymethyl group of III was stable when tortional angle 82 was about 120 or 240. For the rotation of the benzene ring, molecule III was most stable when the benzene ring was twisted ca. 120 to the plane of the imino group.
The structure of triflumizole was examined in various combinations of 01, 82 and 03 which gave energy minimum conformations of III. The structure of the Z-isomer of triflumizole was also examined similarly.
In the docking study of triflumizole into the active pocket of cytochrome P-450, the 3-nitrogen atom of imidazole was placed at the position of the sixth ligand of porphyrin at an iron-nitrogen distance of 2. 0 A, and the plane of the imidazole ring was set perpendicularly to the plane of heme. The conformation of the propoxy group, which is more flexible than the backbone structure, was adjusted so as to fit the cavity of cytochrome P-450. The most reasonable conformation of triflumizole conceivable from the computer graphics was thus selected as a docking form, and was optimized in the AM 1 procedure. In Table 5 , the tortional parameters and total energy of triflumizole in docking conformation is compared with those of the crystal structure and the lowest energy conformer of triflumizole.
The Connolly's molecular surface of the cavity of cytochrome P-450 was drawn in a region above the heme group, the shape of the cavity looking like a "boot. " The optimized docking structure of triflumizole indicated that the propoxymethyl group is located at the "toe" and the benzene ring at the "ankle" of the cavity, as shown in Fig. 5(a) . The benzene ring has to be twisted from the plane of the imino group in order to fit the pocket. The twisted structure approximately corresponds to the energy-minimum conformation with respect to the rotation of the benzene ring as indicated by conformational analysis. The position of 2-trifluoromethyl group on the benzene ring was found to locate in a hollow of the cavity surface in the docking conformation. The Z-isomer of triflumizole was also examined to dock into the active pocket of cytochrome P-450, but it had a difficulty in fitting the cavity. The benzene ring of the Z-isomer was stuck out from the cavity surface when the imidazole and propoxymethyl group were superimposed onto those of the E-isomer.
A docking model of a natural substrate with cytochrome P-450 was investigated by using a molecular model of 24-methylene-24, 25-dihydrolanosterol. A lanosterol molecule was placed in the active site according to the previous model of Marchington35' and the position was adjusted by checking the interatomic distances between lanosterol and neighboring residues so as to maximize the overlap onto the cavity. The conformation of the flexible side chain was adjusted and optimized in the MM2 procedure36, 37' so that steric contact with enzyme residues was avoided. Fig. 5(b) shows the proposed model for the lanosterol molecule bound to cytochrome P-450 where the side chain moiety is located in a region above the plane of the steroid backbone and the 14a-methyl group is placed at a position to be oxidized by the heme-oxygen complex. With this conformation in the pocket of cytochrome P-450, the side chain is extended to a site where the benzene ring of triflumizole is located and the steroid backbone is placed in a region in which the propoxymethyl group of triflumizole is bound.
DISCUSSION
In the QSAR for benzene-ring moiety, the steric parameter of an ortho substituent, B5°, and its squared term were significant, as shown in Eqs. (2) and (3). This suggests that the size of the ortho substituent (X) is important for fungicidal activity and that the optimum value of B5° calculated by Eq. (3) is ca. 2. 9 A, which may correspond to the size of a steric interaction site in a receptor.
As shown in the docking model of triflumizole into the active pocket of cytochrome P-450, the ortho substituent interacts with a hollow of the cavity surface. A certain bulkiness may be required to fit the hollow, and the optimum size of the ortho substituent is represented by B5° parameter terms in regression analysis.
The steric parameters of Z moiety, L, L2 and Tr, were also significant in Eq. (5), and the optimum value of L was estimated to be ca. 5. 31. These steric features may correspond to the size and the shape of an interaction site on the target enzyme with the Z moiety. The docking model of triflumizole in cytochrome P-450 suggests that the length of the Z moiety corresponds to the depth of the pocket along the direction from "heel" to "toe" of the cavity, and that the width or the thickness of the Z moiety corresponds to the diameter of the pocket. A schematic representation of the steric interaction site of triflumizole derivatives in cytochrome P-450 is drawn in Fig. 6 from the results shown above.
The hydrophobic parameters of the benzenering moiety and Z substituent were significant in QSAR analysis, and the positive sign of their coefficient indicates that the higher the hydrophobicity, the higher the activity. The environment of the substrate pocket of Pseudomonas cytochrome P-450 is known to be hydrophobic. 8' The heme itself provides a hydrophobic surface, and some hydrophobic residues around the pocket such as Len 244 and Val295 are also important for binding with a substrate. When the substrate is replaced by an inhibitor at the active pocket, hydrophobic interaction between the inhibitor and the surface of the pocket should be also important and hydrophobic substituents on triflumizole derivatives may strengthen the binding to the enzyme as suggested by the it terms.
The QSAR for the benzene-ring moiety indicated that substituents with electron withdrawing properties are favorable to the activity. Such electronic effects may represent the reactivity or stability of the molecule as well as the electrostatic interaction between the molecule and the receptor. The rate of oxidative degradation or metabolism may be reduced by the electron withdrawing power of the substituents on the benzene ring. In the interaction model of triflumizole with cytochrome P-450 shown in Fig. 5 , the benzene ring of triflumizole is surrounded by aromatic residues such as Phe 87 and Phe 98. We speculate that the electron deficient benzenering system of triflumizole may interact with the aromatic residues by means of electronic attractions besides hydrophobic binding.
Among the indicator variables appearing in Eqs. (4) and (5), the significance of Io term indicates that f-oxy structure is favorable for higher activity. A hydrogen-bonding interaction between f3-oxygen and acidic hydrogen on the receptor site is suggested. In the computer graphics representation of triflumizole in cytochrome P-450, however, such a hydrogen bonding was not clearly observed. The conformational flexibility of Z moiety should be reduced in compounds having an a-branched or cx, f-unsaturated structure. The Ibr and I-terms in Eqs. (4) and (5) may indicate that such structural features weaken the interaction with the enzyme in terms of conformational restrictions.
The configuration of triflumizole with respect to the C=N double bond was previously assigned to E by means of X-ray crystallography and NMR spectra. The E-isomer was more easily docked in the active site than the Z-isomer. In the structure-activity study of styryltriazole fungicides by Funaki et al. 38, 39 ) the E-isomers were more active than the corresponding Z-isomers against powdery mildew and brown rust. Their result may coincide with our model of active structure. Besides geometrical configurations around the C=N double bond, the conformation of triflumizole is also important for binding with a target enzyme. The conformational analysis on the model compound of triflumizole suggested that rotations of three substituents on the imino group are restricted within certain ranges in terms of tortional angles 0, 02 and 83 as shown in Fig. 4 . The structure of triflumizole in the docking model is coincided with the one of the energy minimum conformations, and its total energy is comparable to the energy in the lowest energy conformation (Table 5) . A notable difference in conformation between the docking form and the lowest energy structure is only in the flexible propoxy group. The STERIMOLtype parameters of Z substituent were estimated for fully extended conformation, while the docking form of triflumizole is slightly twisted in the Z moiety. QSAR analysis using the parameters in active conformation as suggested by computer graphics might be more reliable. Nevertheless, the fact that the results of QSAR analysis conform with a model for interaction drawn by computer graphics indicates that structure-activity profiles of triflumizole derivatives reflect structural requirements at a primary active site of azole fungicides.
PGR activities of the compounds analyzed are listed in Tables 1 and 2 in terms of relative score. Potency of PGR activity is affected by variations in structure of the Z moiety than by variations in benzene-ring substituents (X and Y). Although PGR activity was not analyzed quantitatively, an introduction of /3-oxygen into the Z moiety generally decreases PGR activity. PGR effect of fungicidal azoles has been considered due to inhibition of gibberellin biosynthesis in plants involving
